A 100 mm-diameter ring sample of high purity Al (99.99%) was processed by high-pressure torsion (HPT). It was confirmed that the results of hardness measurements were consistent with those obtained using disk samples and demonstrated that scaling-up the HPT process was feasible using the ring-shaped sample. Evaluating the advantage of using ring sample, the potential for the scaling-up arises from the fact that the ring diameter can be increased by the amount corresponding to the inner central area of disk sample. Furthermore, the applied load is entirely used for the introduction of intense strain and thus for the development of a homogeneous microstrcuture throughout the ring sample.
Introduction
It has been demonstrated that processing by high-pressure torsion (HPT) provides important technology for materials development. The grain sizes of various metallic materials is refined to the submicrometer or nanometer ranges and consequently the HPT processing leads to the enhancement of strength and ductility. [1] [2] [3] Second phase particles may be refined significantly and occasionally they are dissolved into the matrix. 4, 5) It is also used as a consolidation of powders without sintering process. [6] [7] [8] [9] [10] The HPT is applicable to a wide range of materials including relatively hard and low ductile materials such as intermetallics and Mg alloys. [11] [12] [13] [14] Major limitation of the HPT process is that the sample size is small typically as 10 mm in diameter with thicknesses less than 1 mm, and the microstructure develops inhomogeneously from the center to edge of the disk because the strain is generated in proportion to the distance from the center. 15, 16) To overcome this limitation, it was shown that a ring sample may be useful [17] [18] [19] because it uses only the outer areas of the disk where homogeneous structures are developed throughout the periphery. [19] [20] [21] Furthermore, it is possible to increase the diameter by the area corresponding to the inner hollow area. 19) Provided that the rotation angle is the same, the increase in the ring diameter leads to introduction of more strain, or if the designated strain is required, less rotation is sufficient. Now, in this report, we demonstrate that scaling-up of the HPT process is feasible by taking advantage of the ringshaped feature. Furthermore we show that a 100 mm ring with 3 mm width is successfully processed. Advantage of using ring sample is discussed in comparison with disk sample.
Experimental
High-purity Al (99.99%) was received in a form of coldrolled sheets with 1 mm thickness and an area of 220 mm Â 150 mm. The sheet was then cut to rings with dimensions of 94 mm and 100 mm for the inner and outer diameters, respectively, having a width of 3 mm. Disks with 10 mm and 20 mm diameters with thicknesses of 0.8 mm were also prepared from cold-extruded rods for comparison. The rings and disks were subjected to annealing at 773 K for 1 h before HPT. The grain sizes after the annealing were $700 mm for the disks and $100 mm for the ring. According to a recent study in the same 99.99% purity Al, 22) the difference in grain size has little effect on the hardness behavior with intense strain if the grain size is greater than $100 mm.
HPT was conducted at room temperature at a rotation speed of 1 rpm for 1/4 revolutions under a pressure of 0.3 GPa. This study used a pair of upper and lower anvils with grooves made axisymetric in 0.25 mm depth and 3 mm width. The alignment was adjusted about the center axes of the upper and lower anvils within AE0:01 mm. Schematic illustration of the upper and lower anvils with a ring sample is given in Fig. 1 . For a comparison purpose, disks with 10 mm and 20 mm diameters annealed at the same conditions were placed in shallow holes made on the anvils with diameters of 10 and 20 mm, respectively, and a depth of 0.25 mm. Such disk samples were subjected to HPT at room temperature for 2 and 1/4 revolutions, respectively under a pressure of 1 GPa 
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with the rotation speed of 1 rpm. The appearance of the disks and ring samples after HPT is shown in Fig. 2 . The disks and ring samples after HPT were polished to a mirror-like surface and thus the Vickers microhardness was measured along the radii from the center to edge at 8 different radial directions for the disk samples and along the periphery for the ring samples. The average was taken from the 8 measurements at the same distance from the center of disks or rings. For each hardness measurement, a load of 50 g was applied for 15 seconds.
Results and Discussion
The results of hardness measurement are shown in Fig. 3 for disk and ring samples after HPT including the hardness level after annealing but before HPT. All hardness values of 10 mm and 20 mm disk samples fall on a single curve when they are plotted as a function of equivalent strain. Here, the equivalent strain was calculated by the equation given as. 16 )
where r is the distance from the center, N is the number of revolution and t is the thickness. A maximum appears at an equivalent strain of $2 and a constant level of hardness follows at an equivalent strain of more than $7. These features are consistent with the earlier measurements performed on high purity Al (99.99%). 20, 21) The average hardness measured on the 100 mm ring lies well on the steady state level established by the 10 mm and 20 mm disks. It is thus confirmed that processing of the 100 mm ring by HPT is feasible and it is demonstrated that the use of ring samples can be a practical way for scaling up the HPT process. Although the applied pressure is less in the ring sample than in the disk samples for the present experiments, the steady state level is little affected by the applied pressure. This is also consistent with the reports that the effect of the applied pressure is insignificant on the hardness level when the imposed strain is large. 23, 24) A major advantage of using the ring sample for the HPT process is that it is possible to increase the diameter by the area corresponding to the inner hollow area. Furthermore, the use of ring samples eliminates microstructural inhomogeneity developed in the inner central areas of disk samples as reported earlier. [19] [20] [21] Now, we estimate quantitatively how the ring diameter can be enlarged with respect to the disk diameter, provided that the same pressure is applied on both ring and disk samples.
As illustrated in Fig. 4 , the disk diameter is defined as D D and the inner and outer diameters of ring as D i and D o , respectively, with the ring width as w. Under the condition of equal area for both disk and ring (S D ¼ S R ), it follows that D o can be given as Figure 5 plots the relation of D o against D D for several values of w. This figure is read such that the 20 mm diameter for disk will be enlarged to 100 mm diameter for ring if the ring width is 1 mm. Alternatively, it may be read such that a 100 mm ring with 3 mm width as in this study is equivalent to the use of 35 mm disk. It should be emphasized that there is a significant difference between the use of ring samples and that of disk samples. Intense strain is equally introduced throughout the ring and a homogeneous microstructure is developed for ring samples. However, this is not the case for the disk sample because the strain introduced at the inner area is small despite the fact that the applied pressure is the same for both ring and disk samples. Another advantage of using ring sample is that the same strain is introduced by less rotation when compared with the disk sample. This is because the diameter is enlarged for the ring sample. Note that the equivalent strain is given by the product between the distance from the center (r) and the rotation angle (2N) as evident from eq. (1). It should be noted that, when the diameter becomes larger, the deformation occurs at faster rate even at the same rotation speed and consequently this may introduce heat generation in the sample. Although the temperature increase was negligible in this study because of only 1/4 revolutions, there is in fact a report that the hardness decreased due to temperature increase at a faster rotation speed. 25) It has been said that a major limitation of the HPT process to practical application is the sample size which is small. However, the present study shows that this can be overcome using ring samples.
Summary and Conclusions
(1) It was demonstrated that scaling up of HPT is feasible using ring sample. It was shown that the 100 mm ring with 3 mm width was successfully processed by the HPT facility. The hardness results were well consistent with those obtained from the conventional disk sample. (2) An advantage of using ring sample was discussed quantitatively. First, the ring diameter is increased by the amount corresponding to the inner hollow area. Second, the whole area of ring sample can be usable because of homogeneous introduction of strain and thus of homogeneous development of microstructure throughout the ring. 
